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Classification of cortical neurons based on their two-dimensional action potential
waveforms recorded with high spatial density

Principal investigator: Richard Fiath

Aims of the study
The main goals of the research project were to

1. develop and use neural probes with high electrode density to record in vivo cortical activity
with a significantly higher spatial resolution than before

2. analyze and classify cortical neuronal activity based on the recorded high-resolution action
potential waveforms of neurons

3. share the high-resolution recordings in a public data repository

Development and validation of state-of-the-art high-density neural probes to record
cortical activity with high spatial resolution

In collaboration with European universities and research institutes we developed novel planar
silicon and polymer-based probes containing hundreds of small, closely packed recording sites
for in vivo experiments in rodents (Raducanu et al., 2017; Dimitriadis et al., 2018; Fiath et al.,
2018a; Fiath et al., 2018b; Fiath et al., 2019a). Validation of the functionality of these probes
was performed in anesthetized rats, and after successful testing, these devices were used to
collect the high-resolution data for this research project. Mainly 128-channel (Fiath et al.,
2018a) and the linear and array type of 256-channel (Dimitriadis et al., 2018; Fiath et al., 2019a)
passive silicon probes were used to acquire data from the somatosensory and motor cortex of
rats and mice anesthetized with ketamine/xylazine.

Classification of cortical single unit activity using deep learning and FPGAs

Spike sorting is the main first step during the processing and analysis of extracellular neural
recordings. However, traditional spike sorting algorithms are unable to process the large amount
of data provided by recently developed high-channel-count (>64 channels) neural probes,
therefore new approaches and solutions are needed. Artificial intelligence-based methods are
well suited to solve such complex problems. In our research group, we developed and applied
deep learning algorithms to detect and sort extracellular action potentials (spikes) in high
resolution cortical recordings obtained during this project (Racz et al., 2020; Rokai et al., 2021).
The performance of these machine learning-based spike sorters were comparable to methods
developed recently for high density recordings. Furthermore, in collaboation with the
University of Szeged, we also developed a Field Programmable Gate Array (FPGA)-based
method for multichannel spike sorting which might be used to help neural probe positioning by
detecting and sorting relevant single units real-time, during experiments with the 128-channel
silicon probe (Schaffer et al., 2021). To validate the spike sorting system, hybrid ground truth



data was generated based on our high-density cortical measurements collected during the
research project. The results of this study have demonstrated the advantages of dense spatial
sampling of spiking activity: the accuracy of spike sorting is better if the spike waveform of
individual single units is captured by multiple recordings sites simultanenously compared to
the case when the spikes of a single neuron is detected only by a single site.

Classification of cortical neurons based on their high resolution spike waveforms

In our preliminary data analysis, we incorporated unsupervised machine learning algorithms
(hierarchical clustering and k-means clustering) to classify a small set of cortical neurons (~200)
based on the spatiotemporal features of their multichannel spike waveforms (two posters
presented at scientific conferences in 2018, see below). Using hierarchical clustering on the
features extracted from the high-resolution spike waveforms (e.g., spike duration, spatial spread
of the action potential, propagation direction of the spike, peak-to-peak amplitude) we could
identify eight neuron clusters where one of the clusters contained the narrow spiking putative
interneurons.

Currently, we have a collection of about 10.000 sorted single units recorded from the cortex of
anesthetized rats. The spike waveform of about a third of these single units was located at the
center of the shank of the 128-channel silicon probe making them potential candidates to
investigate their high-resolution multichannel spike waveform in more detail. The number of
these center neurons (~3000) significantly exceeds the number of single units planned for the
project (~1000). We extented the investigations described above to this larger set of neurons
but we are still in the phase of data analysis. The results are planned to be published in the near
future.

Unfortunately, based on the preliminary analysis of the in vivo mouse cortical recordings, it
appears that the spatial resolution of the 128-channel silicon probe is not sufficient to
distinguish between different subtypes of cortical neurons (especially interneurons) using
spatial features of the spike waveform of single units; the spike waveforms of mouse neurons,
because of their smaller size compared to rat neurons, were only recorded by a low number of
recording sites simultaneously and the waveforms were relatively similar compared to each
other. A higher resolution provided by the 256-channel probes might show finer details of the
spike waveforms, however, the limited cortical coverage of these probes makes these
investigations complicated, thus my focus was and will be on the analysis of cortical recordings
collected from rats.

Freely accessible dataset of high spatial resolution cortical recordings

A freely accessible dataset consisting of high-resolution wideband recordings and spike
waveforms (~1 TB of data of 109 cortical recordings containing 7126 sorted single units) was
uploaded to the GIN (G-Node Infrastructure; https://gin.g-node.org/) public data repository.
The dataset is packaged in the Neurodata Without Borders: Neurophysiology version 2.0 format
(NWB:N 2.0; www.nwb.org), a data standard for neurophysiology. The manuscript describing
the dataset was submitted to the journal Scientific Data to increase the visibility of this high-
resolution dataset. Thanks to this project, the principal investigator gained a lot of experience



in sharing research data, in using standardized data formats and in creating, handling and
annotating large datasets. As sharing of scientific data and open science becomes increasingly
important, this skillset will be very useful in the near future.

Novel methodology-related findings based on the collected high-density cortical
recordings

The high-density recordings obtained during the project also provided novel findings related to
important methodological aspects of in vivo electrophysiological experimentation. High
density extracellular recordings provide a richer spatial information about the spike waveforms
of single units, the spikes of a typical neuron might be recorded by more than a dozen adjacent
recording site. This high spatial resolution increases the accuracy and reliability of spike
sorting, thus allowing a more precise evaluation of the quality of neural recordings. Using high
density cortical recordings, we studied various methodology-related questions. For example,
we have found that a very slow insertion (2 pm/s) of silicon probes into the brain tissue
significantly improved the single unit yield and signal quality compared to implantations with
faster speeds, and more neurons remained intact in the proximity of the probe (Fiath et al.,
2019b). As a positive effect, higher quality data obtained by slower probe insertions might also
decrease the number of research animals used in a study. Furthermore, we investigated the
effect of the recordings site position on the quality of high-density recordings, focusing mainly
on sites located at the edge or in the center of the silicon shank (Fiath et al., 2021). Cortical
recordings (~150 data files) obtained with high-density 128- and 256-channel silicon probes
from anesthetized rats during this postdoctoral project as well as recordings from Neuropixels
and NeuroNexus silicon probes were used for this study. Our findings show that edge sites
outperform center sites, the former recorded significantly more large amplitude samples, both
in the positive and negative range. Although the single unit yield was similar between site
positions, the difference in spike amplitudes was noticeable in the range corresponding to high-
amplitude spikes. Furthermore, the advantage of edge sites slightly decreased with decreasing
probe shank width. These results might aid the design of novel neural implants in enhancing
their recording performance by identifying more efficient recording site placements.

Deviation from the work plan

One of the aims of the project was to simultaneously record the activity of the same neuron
with a high-density silicon probe and with a juxtacellular electrode, in vivo. Unfortunately, this
technique proved to be very difficult to accomplish (however, the risks were known during the
planning of the project). Because the gains of this approach would have been relatively small
compared to the work invested (since it was mainly done earlier by the group of Adam Kampft,
see Neto et al. 2016 J Neurophysiol; Marques-Smith et al. 2018 bioRxiv), I stopped pursuing
this direction. Instead, in the research group, we started to record in vitro cortical activity from
rat and mouse brain slices using the developed high-density 128-channel silicon probe. We
could successfully record the spikes of ~10 single units simultaneously by inserting the probe
into the brain slice. Comparison of in vivo and in vitro high-resolution recordings is in progress
and will be finished outside the timeframe of this research project. We used also another high-
density silicon probe with protruding recording sites developed for in vitro bain slice recordings



to compare in vitro electrophysiological recordings obtained with our high-density probes
designed for in vivo recordings (Meszéna et al., 2019).

Publication and dissemination activity

During the three years of the project, eleven peer-reviewed journal articles, two preprints and
two poster presentations were published related to the topic of the research, and another three
manuscripts are either under review or in preparation. The cumulative impact factor of the
published papers is 63.087. Out of the eleven articles, eight were published in journals ranked
Q1 (seven are ranked D1). The principal investigator of the project is the first author of five
publications. In total, five BSc, four MSc and one TDK work was completed in the topic of this
project at the Faculty of Information Technology and Bionics of the Pazmany Péter Catholic
University (PPKE ITK) and at the Faculty of Science of the E6tvos Lorand University. Parts of
the results of the supported research were used as course material at the PPKE ITK and
presented by the principal investigator of this project (,,Applications of neural microsystems”
organized by Zoltdn Fekete, http://neuromems.hu/lectures/; Lecture 4: Multimodal
sensor/stimulator arrays relying on integrated signal processing units). The public high-density
dataset is available at the GIN data repository: https://gin.g-
node.org/UlbertLab/High Resolution _Cortical Spikes. A MATLAB-based open source
software  suite was developed and made available online on GitHub
(https://github.com/fiath/ SDEMI). The software is used to visualize, process and analyze the
high-density recordings obtained during the project.

Future project related research plans

The principal investigator gained a lot of experience with high-density recordings and installed
a high-density Neuropixels electrophysiological recording system in the lab during the project
to continue research on this topic.

In collaboration with the Insitute of Experimental Medicine, we also collected high-density
spike waveforms with the 128-channel silicon probe from the medial septum of mice. This
dataset was used to classify septal neurons based on their firing patterns and to examine theta
rhythm generation. A manuscript was prepared from the results which is available as a prerprint
(Kocsis et al., 2021). One of my future aims is to examine the spatiotemporal features of the
spike waveforms of these septal neurons and compare these to our findings obtained in the
cortex.

Several undergraduate and graduate students as well as the principal investigator are still
analyzing the large dataset collected during this three year project. We have found several
interesting findings by analyzing in vivo and in vitro high-spatial-resolution spike waveforms
of cortical neurons (including, for example, different patterns of action potential
backpropagation and spatial spread of spikes, or laminar differences in spike features of
neurons). However, more time is needed to thoroughly analyze and publish these findings.
Thus, these analyses will still continue after the project ended. The importance of this topic is
further supported by several recent publications about neuron classification based on high-
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density electrophysiology (see, for example, Buccino et al., 2018 J Neurophysiol; Jia et al.,
2019 J Neurophysiol).
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